1. Introduction
===============

Recently developed angiography systems with a flat-panel detector (FPD) allow acquisition of computed tomography (CT)-like cross-sectional images---C-arm-based cone-beam CT images (CBCT),^\[[@R1]--[@R4]\]^ and new imaging methods have been investigated for CBCT.^\[[@R5]--[@R7]\]^ C-arm-based CBCT setups are classified into 2 types: C-arm-based interventional CBCT systems and dedicated C-arm-based CBCT systems for dental, head and neck, extremity imaging, and mammography.^\[[@R8]\]^ C-arm-based interventional CBCT images aid minimally invasive imaging-guided interventions.^\[[@R2],[@R9]--[@R16]\]^ However, the quality of these C-arm-based CBCT images is inferior to that of images obtained using conventional CT, especially with regard to contrast resolution.^\[[@R2],[@R17]--[@R19]\]^ Improved image quality with less noise than that obtained using customary filtered back projection (FBP) has been reported utilizing iterative reconstruction (IR) algorithms in conventional CT.^\[[@R20],[@R25]\]^ Also, the usefulness of IR techniques for dedicated C-arm-based CBCT imaging have been reported.^\[[@R26],[@R27]\]^ However, IR algorithms have not been widely applied in the acquisition of C-arm-based interventional CBCT images in clinical settings. Nevertheless, their adaptation in the acquisition of C-arm-based interventional CBCT images is expected to improve image quality similarly to their use in conventional CT imaging.

We compared the images obtained using three-dimensional iterative image reconstruction (3D-IIR)---an image-based IR algorithm---in C-arm-based interventional CBCT with those acquired using the customary reconstruction technique to determine the usefulness of the IR algorithm in improving the image quality.

2. Materials and methods
========================

Ethical approval was not necessary because this was a phantom study.

2.1. Phantoms
-------------

To quantify the effect of reconstruction techniques on image quality, we evaluated spatial resolution in images of an elliptical cylinder acrylic phantom and assessed CT number linearity, system noise, and low-contrast resolution using a Catphan 500 phantom (The Phantom Laboratory, Greenwich, NY). We scanned the elliptical cylinder acryl phantom (greatest diameter, 30 cm; smallest diameter, 20 cm; height, 10 cm) after filling a columnar hole (diameter, about 4 cm; height, 8 cm) through its elliptical center with a 4-fold dilution of contrast medium (iopamidol; Oypalomin 370; Fuji Pharma Co., Ltd, Tokyo, Japan).

2.2. Angiography unit and image reconstruction
----------------------------------------------

We conducted 3D imaging using an AXIOM Artis zee BA (Siemens Healthcare GmbH, Forchheim, Germany) angiography unit with digital flat-panel system and applied parameters routinely used in clinical settings in our institution for abdominal 3D imaging on this unit (distance from source to axis of rotation, 75 cm; distance from source to image plane, 120 cm; rotation range, 200°; duration of rotation, 8 seconds; 397 projections; tube voltage and tube current-time product of each projection determined automatically by the system).

Each phantom was placed with its central axis overlapping the axis of the rotation and subjected to 3D imaging. The dose area products were 69.5 Gy × cm^2^ for the elliptical cylinder acrylic phantom and 15.8 Gy × cm^2^ for the Catphan phantom.

Three-dimensional imaging was calculated using Feldkamp algorithms from the multiple projection data in axial images with matrix of 512 × 512 pixels and 0.47-mm thickness at intervals of 0.47 mm and a display field of view measuring 23.9 cm.

The original axial images were transferred to a 3D-IIR server (SafeCT; Medic Vision, Tirat Carmel, Israel) for 3D-IIR at 5 settings used for abdominal examination: Sharp, Default, Soft+, Soft++, Soft+++, and we evaluated the quality of images reconstructed using each of the 6 reconstruction techniques.

2.3. Spatial resolution
-----------------------

To evaluate spatial resolution, we assessed modulation transfer functions (MTFs), targeting the hole containing diluted contrast medium through the center of the elliptical cylinder acrylic phantom. For this evaluation, we used 50 consecutive axial images for each of the 6 reconstruction techniques. To decrease the effect of noise, we averaged every 5 consecutive axial images for each reconstruction techniques and calculated MTFs on the averaged images using a circular edge method.^\[[@R28],[@R29]\]^ We also evaluated the 10% value of each MTF (MTF~10%~).

2.4. CT number linearity
------------------------

To evaluate CT number linearity, we compared CT numbers in the same position among images reconstructed with each of the 6 reconstruction techniques. The sensitometry module (CTP 401) of the Catphan phantom comprises cylindrical rods (diameter, 1.25 cm) made from 4 different materials (Teflon, acrylic, low-density polyethylene, air). For each reconstruction technique, we measured CT numbers within a region of interest of about 0.68 cm^2^ at the center of the 4 materials as well as the CT numbers of the background material on 10 consecutive images.

2.5. Noise of the system
------------------------

To assess the magnitude and spatial frequency characteristics of image noise, we calculated the noise power spectra (NPS) of 10 consecutive reconstructed images of the uniformity module (CTP486) of the Catphan phantom for each of the 6 reconstruction techniques. We used image subtraction to remove low-frequency artifacts,^\[[@R20],[@R30],[@R31]\]^ scanning the Catphan phantom twice to obtain 2 image sets for each reconstruction technique, and calculating the NPS using a radial frequency method. We minimized statistical error by utilizing the averaged value of the 10 spectra as the final NPS for images obtained using each of the reconstruction techniques.

2.6. Low-contrast resolution
----------------------------

To evaluate low-contrast resolution, we assessed the contrast-to-noise ratio (CNR) for a supraslice target of 15-mm diameter of 1.0% contrast on 10 consecutive reconstructed images of the low-contrast module (CTP515) of the Catphan phantom for each reconstruction technique.

2.7. Statistical analyses
-------------------------

We analyzed variance to test values of the MTF~10%~, the mean CT number measured on the sensitometry module of the Catphan phantom and the CNR, and used Scheffé tests for post hoc comparison of parameters, with *P* \< .05 considered statistically significant. We used computer software (StatView 5.0 for windows; SAS Institute, Cary, NC) to perform these analyses.

3. Results
==========

3.1. Spatial resolution
-----------------------

Figure [1](#F1){ref-type="fig"} illustrates the modulation transfer function for each reconstruction technique and reflects excellent agreement among the MTF curves obtained using the customary and 5 3D-IIR techniques. Table [1](#T1){ref-type="table"} summarizes the MTF~10%~ according to the 6 reconstruction techniques. We observed no significant difference (*P* = .9275) in MTF~10%~ among the 6 reconstruction techniques (Table [1](#T1){ref-type="table"}). Figure [2](#F2){ref-type="fig"} allows visual comparison of bar patterns of the high-resolution measurement with the 6 reconstruction techniques. The bar patterns showed no obvious change between images obtained using the 3D-IIR techniques and the original image acquired using customary reconstruction technique.

![Modulation transfer function (MTF) of images obtained using 5 3D-IIR techniques and the original images acquired using customary reconstruction technique. The MTF curves of the 6 reconstruction techniques were almost the same.](medi-98-e14947-g001){#F1}

###### 

MTF~10%~^∗^ of images obtained using customary and 5 3D-IIR^∗^ techniques.

![](medi-98-e14947-g002)

![Bar patterns in the high resolution measurement module of the Catphan phantom (window width, 2000 Hounsfield units \[HU\]; window level, 500 HU). (A) Customary reconstruction technique; (B) 3D-IIR Sharp; (C) 3D-IIR Default; (D) 3D-IIR Soft+; (E) 3D-IIR Soft++; (F) 3D-IIR Soft+++. The patterns correspond with frequencies of 0.8, 0.9, 1.0, 1.1 cycles/mm (clockwise from the bottom).](medi-98-e14947-g003){#F2}

3.2. CT number linearity
------------------------

We observed no interaction in any combination of factors (*P* = .9976) and no significant difference (*P* = .4046) in CT numbers among the 6 reconstruction techniques (Table [2](#T2){ref-type="table"}).

###### 

CT^∗^ number of 5 kinds of materials measured using customary and 5 3D-IIR^∗^ techniques.

![](medi-98-e14947-g004)

3.3. Noise of the system
------------------------

Figure [3](#F3){ref-type="fig"} demonstrates uniform reduction of noise across the entire spatial frequency for the 3D-IIR images, with NPS curves of the 3D-IIR images and the original images all peaking at 0.30 cycles/mm.

![Noise power spectra of images obtained using 5 3D-IIR techniques and the original images acquired using customary reconstruction technique. The magnitude of noise of 3D-IIR images declined uniformly across the spatial frequency spectrum compared with noise in original images acquired by the customary reconstruction technique.](medi-98-e14947-g005){#F3}

3.4. Low-contrast resolution
----------------------------

Figure [4](#F4){ref-type="fig"} demonstrates the improved visualization of the low-contrast targets utilizing the 3D-IIR settings, especially the sharper Soft++ and Soft+++ settings, using the low-contrast sensitivity module of the Catphan model with the 6 reconstruction techniques.

![Targets of contrast level with 1.0% in the low-contrast sensitivity module of a Catphan (window width, 150 Hounsfield units \[HU\]; window level, 50 HU). (A) Customary reconstruction technique; (B) 3D-IIR Sharp; (C) 3D-IIR Default; (D) 3D-IIR Soft+; (E) 3D-IIR Soft++; (F) 3D-IIR Soft+++. All images are the average of 5 consecutive images reconstructed by the 6 reconstruction techniques. The diameters of the targets are 15, 10, 9, 8, 7, 6 mm (clockwise from top). The target of 10-mm diameter is unclear on the image obtained with the original reconstruction technique, but visualization of the low-contrast targets improved using the 3D-IIR techniques, especially with the Soft++ and Soft+++ settings. Nothing unfamiliar was apparent on images obtained using 3D-IIR.](medi-98-e14947-g006){#F4}

Table [3](#T3){ref-type="table"} summarizes the CNRs according to the 6 reconstruction techniques. Compared with the CNR obtained using the customary reconstruction technique, CNRs obtained using 3D-IIR settings, except the Sharp setting, were significantly improved (Sharp, *P* = .1957; Default, *P* = .0042; others, *P* \< .0001), increasing in order from Sharp to Default to Soft+ to Soft++ and finally to Soft+++. CNRs differed significantly between Default and Soft+ (*P* = .0003), Soft+ and Soft++ (*P* = .004), and Soft++ and Soft+++ (*P* \< .0001) but not between Sharp and Default (*P* = .7366).

###### 

Contrast-to-noise ratio using customary and 5 3D-IIR^∗^ techniques.

![](medi-98-e14947-g007)

4. Discussion
=============

C-arm-based interventional CBCT presents 3D image information using a flat-panel-detector angiography system, offering superior spatial resolution to that of conventional CT because of the finer detector pitch of the CBCT but inferior low-contrast resolution as a result of more scattered radiation.^\[[@R2],[@R8],[@R17]--[@R19]\]^ The advancement of interventional radiology requires the acquisition of accurate 3D image information,^\[[@R2]\]^ and thus the higher quality of C-arm-based interventional CBCT images is desired, especially with regard to detection of objects with low contrast.

Various IR techniques have been developed for use in conventional CT in a clinical setting,^\[[@R21],[@R32]\]^ and their utility in increasing low-contrast resolution has been reported.^\[[@R20],[@R22]--[@R25],[@R32],[@R33]\]^ The 3D-IIR system allows the processing of images for iterative reconstruction in image space and can be used with scanners from any vendor.^\[[@R30],[@R34]--[@R38]\]^ It employs an iterative algorithm to reconstruct volume data to process DICOM image data for denoising based on the knowledge of statistics of the CT noise distribution.^\[[@R35],[@R36]\]^ The 3D-IIR system has been reported capable to reduce noise of conventional CT images with maintenance of structural detail,^\[[@R34],[@R35]\]^ but we believe this is the first study to evaluate its performance in the acquisition of C-arm-based interventional CBCT images.

The effects of IR techniques on NPS have been reported using conventional CT,^\[[@R21],[@R30],[@R39]\]^ and their use has been reported to decrease the area under the NPS curve that corresponds with the level of image noise.^\[[@R20],[@R21],[@R34],[@R37],[@R39]\]^ Our use of 3D-IIR for C-arm-based interventional CBCT in this study also decreased this area. In contrast, the peak of the NPS curve shifts toward lower frequencies in conventional CT with many kinds of IR techniques,^\[[@R20],[@R21],[@R39]\]^ which means that the noise of rough textures increases relatively, yielding an unfamiliar mottled appearance and loss of low-contrast spatial resolution.^\[[@R21]\]^ However, we observed no such shift of the NPS curve or unfamiliar visual appearance using 3D-IIR (Fig. [4](#F4){ref-type="fig"}), which was consistent with Padole\'s report of the absence of blotchy appearance on images of conventional CT obtained using a submillisievert dose of radiation with 3D-IIR.^\[[@R36]\]^ In this study, 3D-IIR preserved CT number linearity and decreased noise, especially with the use of Soft++ and Soft+++ settings, which led to increased CNR and subsequent improved visualization of objects with low contrast (Fig. [4](#F4){ref-type="fig"}).

Just as NPS is one of the most common metrics for X-ray-based systems to describe the magnitude and spatial frequency characteristics of image noise,^\[[@R21],[@R30],[@R40],[@R41]\]^ MTF is one of the most common metrics for those systems to describe spatial resolution.^\[[@R21],[@R29]\]^ The MTF of images obtained using IR techniques and conventional CT can depend on contrast and radiation dose as the result of a nonlinear process.^\[[@R29]\]^ To evaluate spatial resolution obtained using IR techniques, conventional techniques for measuring MTF, such as the wire method, are unsuitable because these techniques are used for images of highly dense material with very low noise.^\[[@R29]\]^ On the contrary, measurement of MTF using a circular edge method to evaluate spatial resolution using IR depends on neither contrast nor radiation dose.^\[[@R28],[@R29]\]^ In the current evaluation of spatial resolution simulating that obtained in a clinical setting, the use of 3D-IIR did not obviously affect MTF measurement using a circular edge method, which suggests that noise reduction achieved using 3D-IIR preserves spatial resolution.

The radiation exposure dose of C-arm-based interventional CBCT varies by diagnostic application and corresponding exposure setting,^\[[@R8],[@R42]\]^ and studies in phantoms have reported effective doses of only a few mSv.^\[[@R8],[@R42]--[@R45]\]^ However, a single interventional procedure can require the repetition of C-arm-based CBCT, so it is desirable to minimize the exposure dose. The level of image noise in C-arm-based CBCT obtained using standard Feldkamp algorithms is proportional to the tube current,^\[[@R8]\]^ and our observation of reduced noise with preservation of spatial resolution using 3D-IIR suggests the potential of this IR technique to reduce radiation dose for C-arm-based interventional CBCT. On the contrary, in conventional CT, dose reduction using IR algorithms can cause loss of low-contrast spatial resolution and coarsening of noise texture.^\[[@R21]\]^ Therefore, the same phenomenon can be observed for dose reduction using IR algorithms in C-arm-based interventional CBCT.

Our study is limited by our use of an angiography unit from only a single vendor, but the 3D-IIR system can be applied in the acquisition of C-arm-based interventional CBCT images using units from other vendors, and further study using other types of angiography units may be warranted to confirm our results. In addition, we used images of phantoms and not patients. C-arm-based interventional CBCT images are susceptible to artifacts such as photon starvation artifacts, beam hardening, and metal artifacts,^\[[@R46]\]^ and these artifacts sometimes decrease the quality of clinical images of patients. However, it is known that image-based IRs are not effective to decrease these artifacts.^\[[@R21]\]^ Further studies of images of patients are required to evaluate the effects of such artifacts on the quality of images reconstructed using the 3D-IIR system.

In conclusion, the use of 3D-IIR in the acquisition of abdominal C-arm-based interventional CBCT can significantly reduce image noise and improve visualization of targets with low contrast while maintaining spatial resolution, yielding images of higher quality than those obtained by customary methods that may increase the safety and efficacy of interventional radiology.

Acknowledgments
===============

We thank NAGASE & CO., LTD, for allowing us free use of SafeCT.

Author contributions
====================

**Conceptualization:** Shigeru Suzuki, Yoshiaki Katada.

**Data curation:** Shigeru Suzuki, Tomoko Takayanagi, Yuzo Yamamoto.

**Formal analysis:** Shigeru Suzuki, Hiroo Wada.

**Investigation:** Shigeru Suzuki, Tomoko Takayanagi, Haruto Sugawara, Takuya Ishikawa, Yuzo Yamamoto.

**Methodology:** Shigeru Suzuki, Hiroo Wada.

**Software:** Shigeru Suzuki.

**Supervision:** Shigeru Suzuki, Yoshiaki Katada, Hiroo Wada.

**Visualization:** Shigeru Suzuki.

**Writing -- original draft:** Shigeru Suzuki, Yuzo Yamamoto.

**Writing -- review and editing:** Shigeru Suzuki, Yoshiaki Katada, Tomoko Takayanagi, Haruto Sugawara, Takuya Ishikawa, Hiroo Wada.

Abbreviations: 3D = three-dimensional, 3D-IIR = three-dimensional iterative image reconstruction, CBCT = cone-beam computed tomography, CNR = contrast-to-noise ratio, CT = computed tomography, FBP = filtered back projection, FPD = flat-panel detector, IR = iterative reconstruction, MTF = modulation transfer function, MTF~10~%=10% value of modulation transfer function, NPS = noise power spectrum.

The authors have no funding and conflicts of interest to disclose.
